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ABSTRACT
Currently, torsional scleral search coil systems can only be used in
determining relative gain and phase, the velocity differential of
torsional eye movements. H. Collewijn and many other researchers
have successfully used these coils with a high degree of accuracy to
measure the phase and the relative gain of torsional movements.
Because of the difficulty in calibrating the torsional coil data,
however, the relationship between the coil output and actual
torsional position has only been estimated. By using the torsional
search coil technique in conjunction with a photographic technique,
actual degrees of torsion can be measured and used for calibration of
the coil system. Designing, developing, and building an apparatus
that can effectively calibrate the torsional coils is the subject of this
thesis.
Thesis Supervisor: Laurence R. Young
Title: Professor of Aeronautical and Astronautical
Engineering
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1. Introduction
For a number of different experimental studies, it has become
important to measure torsional position of the human eye. The eye,
in addition to being able to move up and down and left to right, has
the ability to rotate about its gaze axis within the eye sockets of the
skull. Torsion in this paper will be considered synonymous with roll,
cyclorotation, ocular rotation, and counterrolling and will be
considered as the rotation of the eye, relative to the skull, around the
visual axis. Torsion, a vestibulo-ocular reflex, aids in stabilizing
images on the retina and plays an integral role in the vestibular
system. Studying torsional movements has provided valuable insight
in a number of different areas of research. For example, Markham et
al. have studied torsional eye position of subjects during exposure to
hyper-/hypogravity phases of parabolic flight and correlated a
disconjugate torsional response of the left and right eye in Og and ig
to space motion sickness. 1 In addition, it has been shown that eye
torsion is a reflex at least partially governed by the otolith organs of
the inner ear. By being able to record and measure torsional
movements of the eye accurately, much can be learned about the
anatomical function and behavior of the otolith organs and the
vestibular system in general.
1 Diamond SG, Markham CH, Money KE. Instability of ocular torsion in zero
gravity; possible implications for space motion sickness. Aviat. Space Environ.
Med. 1990; 61:899-905.
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In order to measure torsional, horizontal, and vertical
measurements of the eye, an electromagnetic scleral coil system has
been developed 2 . This system employs a set of electromagnetic coils
that are oriented in three orthogonal planes. The subjects are fixed
in the center of a time varying uniform electromagnetic field and
wear a contact lens containing perpendicular conducting coils. As the
eyes and the coils move with respect to this field, an output is
generated within the coils and is passed along a thin conducting wire
out of the lens and into a signal processor. A voltage is generated
that corresponds to a certain number of degrees of torsion in the eye
and coil.
For a period of time, Robinson's development of the revolving
magnetic field-sensor coil technique was applicable to only non-
human subjects. This restriction was due to the complexities
involved in designing a contact lens with the appropriate induction
coils. This limitation was overcome by Collewijn when he designed a
special carrier that incorporated the needed induction coils and could
be worn safely with little difficulty by human subjects 3 . These coils
proved to be extremely useful to researchers; however, they still
could not record torsional motion. Collewijn fixed this in 1985 by
implementing a more sophisticated carrier that incorporated the
induction coil needed for torsion. With these carriers he successfully
2 Robinson, David A. (1965) A Method of Measuring Eye Movement Using a
Scleral Search Coil in a Magnetic Field. IEEE Transactions on Biomedical
Electronics BME-10, 137-145.
3 Collewijn, H., Van der Mark, F., and Jansen T.C . (1974) Precise Recording of
Human Eye Movements. Vision Research 15, 447.
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and accurately recorded the phase and the relative gain of torsional
motion 4 . Recently, a coil has been introduced that incorporates the
mechanisms to measure horizontal, vertical, and torsional
movements. With these coils, however, the problem still exists and
only phase and gain, not amplitude, can be determined from the
output.
The theory behind the coils is discused in detail in the
Background section of this thesis. The difficulty with the magnetic
field technique as indicated above is torsional calibration-finding the
absolute relationship between the actual degrees of torsion and the
coil output.
Calibration for vertical and horizontal measurements is
accomplished simply by instructing the subject to gaze a known
number of degrees up and down, right and left. The output obtained
is then known to correspond to a certain number of degrees, either
horizontally or vertical. Torsional calibration is more difficult, as
subjects cannot be instructed to tort their eyes. Because of this,
direct calibration with the coil in situ is not possible. Currently,
torsional calibration is accomplished by rotating the coils a known
number of degrees within the field prior to placement in the
subject's eye. However, as Collewijn pointed out, "A compression of
the coil might occur during mounting on the eye which would
4 Collewijn, H., Van der Steen, J., Ferman, L. and Jansen, T.C. (1985) Human
ocular counterroll: assessment of static and dynamic properties from
electromagnetic scleral coil recordings. Exp. Brain Research 59: 185-196.
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invalidate any previous calibration based on the amplitude of the
induced signal." 5 Hence, there has been no means of obtaining the
exact relationship between coil output and actual degrees of torsion.
For this reason and many others, the torsional coils have only
been used to determine gain (on a relative scale) and phase, the
velocity differential of the torsional position. Since position is always
linearly related to coil output, relative ratios of the two are always
constant. Because of this, deformities in the coil have no
consequence on the gain or phase. In order to calibrate the coil
output for applications of positional analysis, however, the gain and
offset must be known in addition to the phase. For our purposes, the
gain and offset of the coil data will be obtained through the use of
photographic images. Photographic techniques have been used
successfully by a number of different researchers including
Weellner, Gaybiel, Lichtenberg, Miller, and Nelson. The technique
used in this research was much the same as that used by Miller and
utilized two still cameras to capture images of the eye. 6 If two
pictures are taken while the eye is being torsionally stimulated, the
images can be used to measure degrees of torsion. These
measurements can be correlated with the output from the scleral
coils. Correlating several data points will define the relationship
5 Collewijn, H., Van der Steen, J., Ferman, L. and Jansen, T.C. (1985) Human
ocular counterroll: assessment of static and dynamic properties from
electromagnetic scleral coil recordings. Exp. Brain Research 59: 185-196.
6 Miller, E. B. II. (1962) Counterrolling of the human eyes produced by head
tilt with respect to gravity. Acta Otolaryngol 54, 479.
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between coil output and degrees of torsion. This relationship then
can be used to convert coil output to actual degrees of torsion.
This new calibration method will enable torsional
measurements to be collected from the coil system at relatively high
sampling rates. In addition, it will increase the accuracy of such
measurements. The resolution of the torsional coil measurement is
52.8 seconds 7 . Hence, the accuracy of the combined measurement
system is only limited by the ability to measure the torsion from the
photographs of the eye. This can be increased by accurately
measuring a select few of the slides and then calibrating all of the
coil data. By doing this, the resolution of the combined measurement
system is increased considerably over the photographic method
alone. In addition, unlike the photographic measurement method
alone, the calibrated coil system could be calibrated in the light and
then used in the dark, as is often necessary for vestibular stimulation
and testing.
Recently, Dr. Mitchell A. Garber, an Air Force aerospace
medicine resident at the Harvard School of Public Health, has
attempted to measure ocular torsion in upright and inverted
positions in order to determine if there is a disconjugate response in
eye torsion as a result of the varying relative gravitational fields. In
order to accomplish this he required that a system be designed,
7 Robinson, David A. (1963) A Method of Measuring Eye Movement Using a
Scleral Search Coil in a Magnetic Field. IEEE Transactions on Biomedical
Electronics BME-10, 137-145.
9
developed, and built which would accurately correlate a scleral
search coil system with visibly observable torsion as outlined above.
The accomplishment of this task is the subject of this thesis and is
outlined below.
2. Background
2.1 Coil Theory
The theory behind the scleral search coils used in these
experiments was outlined by David A. Robinson 8 and is presented
below. 7  Through the method Robinson developed, motion of the eye
is detected by the use of an induction coil that is mounted on a
scleral coil and placed in the eye. By recording the changes in
voltage coming from the coils, the motion of the eye can be
calculated. The principle is described in this section.
The special contact lense positions the induction coil securely
on the front of the eye. By subjecting the induction coil to a vertical
alternating magnetic field Hz, a voltage is induced in the coil in
accordance with Faraday's law (Equation 1)
t=-N x 10-8 (1)d t
8 Robinson, David A. (1963) A Method of Measuring Eye Movement Using a
Scleral Search Coil in a Magnetic Field. IEEE Transactions on Biomedical
Electronics BME-10, 137-145.
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where N is the number of turns wound in the contact lens. A
schematic of the coil and eye is shown in Figure 1. In the primary
position of gaze the eye looks straight ahead along the y axis. This
positions the coil parallel to the x-z plane, and no voltage is induced.
If the subject looks up, the eye shifts by the angle $ and the field is
then given by Hz coscot, and the voltage induced will be that given by
equation 2 below
E- = +NA sinoHzco sincot x 10-8 (2)
where A is the area of the coil, co is the radian frequency (2n X 5000)
and Asin$ is the area of the coil projected onto the x-y plane which
links the flux. Numerically if N is 10 and the field Hz is 2.19 gauss
peak, then a vertical gaze $ of 10' yields a voltage E-1 of 2.2 my rms.
Since the noise level of the amplifier (G) used is below 2.tv, we have
the ability to resolve at least one-thousandth of this movement or 36
seconds of arc. If the eye looks down by -10', the phase of the
voltage reverses. By employing a phase detector and comparing the
signal to a voltage Ez derived from a fixed coil that intercepts the
field Hz, a polarity reversible dc signal E, is produced which is
proportional to sin4. In order to visualize torsion, a Fick coordinate
system is utilized and is illustrated in Figure 2. The appropriate
angles are defined with the x, y, and z axes fixed in inertial space
(the axes of Fick) and the primed axes x', y', and z' fixed in the eye,
representing movement. In what follows, 0, $ and V will be taken as
to define the horizontal, vertical and torsional components of gaze.
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Figure 1: A simplified schematic of the use of a
scleral field coil for obtaining the vertical ($)
component of eye position.
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Figure 2: The coordinate system of the orbit and the
globe defining the angles of horizontal gaze 0, vertical
gaze $, and torsion Ni.
By introducing another magnetic field, Hx, directed along the x
axis, one can measure 0. The new magnetic field will induce another
voltage in the coil. In order to distinguish the voltages due to Hx and
Hz, phase coding can be utilized. Hx is given the form Hx sincot, that is
900 apart from Hz in phase. The phase detector of Figure 1 will
reject all quadrature components in El and will continue to produce a
signal E x sin$ in spite of the addition of the Hx field. If E- is now
amplified and phase detected against Ex, a signal from a stationary
coil intercepting Hx only, a dc signal E is produced proportional to
sinocos$ which is the projection of the coil onto the y-z plane.
Finally, a second coil is wound on the lens which effectively lies in
the y'-z' plane. The voltage generated in it, E2, is phase detected
against Ez to produce a signal proportional to this coil's projection
onto the x-y plane, namely sinx{cos$. In short, by the use of two
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magnetic fields spatially and temporally in quadrature and two lens
coils in spatial quadrature one can, by phase detection, produce the
three signals given in equation 3,
Ec c sinecoso
E c sino (3)
E a sinVcoso.
If e, 0 and Nf are all less than 20*, sin 0 departs from 0 in
radians by less then 2 per cent and cos $ departs from unity by less
than 6 per cent so that approximately
EO X 0V
Equation 3 may then be inverted (assuming the proportionality
constants are unity for simplicity) by
0 = sin-1 1-C 2
= sin-1 (E0 )
V = sin-1 [ 1 . (5)
1- E02
This inversion may be carried out by an on-line computer, depending
on the equipment available. The technical details of the
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instrumentation are out of the scope of this thesis but are discussed
at length in Robinson's 1963 publication, referenced previously. The
end result of this development is a system with a resolution of 16.9
seconds for 0, 13.2 seconds for $, and 52.8 seconds for xV.
In practice, the coils that generate the magnetic fields are
placed in a frame 4ft X 4ft X 4ft. Subjects are seated with their head
projecting into the frame with the scleral coil lenses on their eye.
The setup allows for an available visual field of ±450 in the vertical
and horizontal. If necessary, as in our applications, the frame
support may be moved with the subject. The coil is designed so that
once it is correctly placed on the eye, it adheres to the eye with
surprising force. Tests performed by Collewijn have documented
that coil slippage is almost nonexistent 9 .
2.2 Torsional Nystagmus
In order to understand why the eye can move torsionally and
why measuring such torsion is important, a brief introduction to eye
movement is outlined below.
As humans move their eyes, the visual input itself generally
determines where a person looks. For optimal processing of a
stationary image, the direction of gaze should be stabilized in space
and independent of body and head movements. This task is
9 Collewijn, H., Van der Mark, F., and Jansen T.C . (1974) Precise Recording of
Human Eye Movements. Vision Research 15, 447.
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achieved by compensatory eye movements induced by the vestibulo-
ocular reflex (VOR). Vision makes an important contribution to the
VOR. When the field moves, there is a relative displacement of the
visual surround in the opposite direction. This induces optokinetic
nystagmus (OKN). These reflex compensatory responses occur
together during combined head and eye movement, but can be
interrupted by visual fixation or overridden by eye movements
made in response to visual targets. 10
If angular rotation persists for more than a few hundred msec,
nystagmus is induced. Nystagmus is defined as a series of slow
compensatory and rapid resetting movements. Nystagmus serves
the same purpose as the slower shifts, namely, to stabilize gaze in
space.
' It has been shown that movement of the visual field induces
the oculomotor response to create optokinetic nystagmus (OKN). This
response is strongest when the whole visual periphery moves. It
was by this method that ocular torsion was stimulated in our
subjects.
10 Henn, V., Cohen, B., and Young, L.R. Visual-Vestibular Interaction in
Motion Perception and the Generation of Nustagmus. Neurosciences Res. Prog.
Bull., Vol. 18, No. 4.
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3. Method
In order to calibrate the coil data as outlined above, the
following things needed to be accomplished: (1) A search coil system
had to be employed, (2) scleral coils with the ability to record torsion
had to be placed on the eyes, (3) the subject's eyes had to be
torsionally stimulated, (4) pictures had to be taken in such a manner
that they could be accurately correlated with the coil output, (5) a
system or mechanism had to be set up that measured the torsion
from the photographic images of the eye, (6) and the two types of
data (photographic and coil output) would have to be compared and
used to calibrate the coil data. Specifications on how each of these
were done are outlined below.
3.1 Robinson Style Search Coil System
The Robinson style field coil system used in this investigation
was manufactured by C-N-C Engineering in Seattle, Washington. The
style of coil system is based on that presented by Robinson (see
Background) and uses electromagnetic field generating and detection
principles to yield horizontal, vertical, and torsional eye movements.
The power oscillator used in the experiments drove the two pairs of
coils at two frequencies which were locked to an internal
temperature-compensated oscillator. The magnetic field orientation
of each axis was sensed from an additional feedback winding on the
driven coils. The current drive amount was controlled within the
power driver to provide a constant flux density.
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The coil framework was composed of four electromagnetic
generating coils. Each pair of two coils was physically oriented at 90
degrees to each other. These coils produced an electromagnetic field
which induced a voltage in the small multi-turn coil of wire placed in
the subject's eye. As described by Robinson, the output voltage was
proportional to the area of the coil perpendicular to the magnetic
field. Hence, the voltage produced by the subject coil had to be
separated into the three components. The coil pairs were an
electrically series resonant tuned circuit which had a minimum real
impedance at resonance. All coils were electrostatically connected to
ground. This shielding also reduced the radiated electric field to
allow removal of the coil frequency from any unit electrode stage. In
addition, the shielding reduced the electric field which might interact
with other research or clinical measuring equipment. The coil
system operated at twc frequencies which were ratios of 3/2 chosen
among a frequency range from 60 to 120 KHz. This was all done in
accordance with the specifications provided by C-N-C Engineering.
When connected as a system, the output of the phase detectors
yielded at least a ±0.5 degree accuracy within ±30 degrees for our
Robinson system. These figures were obtained by using a
calibration/test fixture provided by the makers of the coil system.
The system noise at the 0.3 millisecond time-constant setting was
less than 1 minute of arc peak to peak when measured with the test
fixture. Typical noise levels for the 3 foot coil used was 1 minute of
18
arc. Additional information and specifications can be obtained
directly from C-N-C Engineering.
3.2 Torsional Scleral Search Coils
These recently developed coils manufactured by Skalar Medical
Corp. incorporate the means to record both horizontal/vertical
motion and torsional motion. The Skalar coils consist of a silicone
rubber annulus with a suitable shape to adhere to the limbus of the
eye, with embedded induction coils wound of insulated copper wire.
The concave (ocular) side of the annulus is slightly more curved than
the eyeball; therefore it adheres firmly to the eye by capillary and
suction forces when the underlying air and fluid are evacuated by
slight pressure.
Details of the shape are described by Collewijn, Van der Mark,
and Jansen. 11 The coils we used were identical except that the
diameter of the central hole was 12.5mm. Although the coil is
advertised that it fits all adults, we found that the placement of the
coils in some individuals was extremely difficult. For our application,
it was essential that there was no coil slippage on the eye. The
stability of the coils on the eye, when properly inserted, was
11 Collewijn, H., Van der Steen, J., Ferman, L. and Jansen, T.C. (1985) Human
ocular counterroll: assessment of static and dynamic properties from
electromagnetic scleral coil recordings. Exp. Brain Research 59: 185-196.
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documented by the inventors 12 . In addition, an independent
assessment can be made from the photographic images.
3.3 Torsional Stimulus
In the same investigation that Collewijn used the torsional coils
for the first time, he demonstrated that a patterned disk rotating
around the visual axis can induce cyclorotatory optokinetic
nystagmus 13 . This has also been reported by Hen, Cohen, and
Young' 4 . To achieve torsional nystagmus in our subjects, a 4 foot
disk patterned with 2cm colored square dots was rotated
approximately 3 feet in front of the subject. As the angular velocity
of the disk was not important, the disk was spun by hand. The speed
was adjusted to the point at which the subject felt the greatest
stimulus and nystaagmus was recorded on the output. The center of
rotation was adjustable for each subject and was positioned to be at
the approcimate center of the visual axes. The subjects were
instructed to gaze at a fixed spot located at the center of the rotating
disk. The stimulus effectively covered the entire field of vision
which was limited to a certain extent by a head restraint. A
schematic of the stimulus can be found in Appendix B.
12 Collewijn, H., Martins, A.J., and Steinman, R.M. (1981). Natural retinal
image motion: origin and change. Annals of the New York Academy of
Sciences 374: 312-329.
13 Collewijn, H., Van der Steen, J., Ferman, L. and Jansen, T.C. (1985) Human
ocular counterroll: assessment of static and dynamic properties from
electromagnetic scleral coil recordings. Exp. Brain Research 59: 185-196.
14 Henn, V., Cohen, B., and Young, L.R. Visual-Vestibular Interaction in
Motion Perception and the Generation of Nustagmus. Neurosciences Res. Prog.
Bull., Vol. 18, No. 4.
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3.4 Implementation of the Still Cameras
As a result of the unusual conditions Dr. Garber was trying to
create for his subjects, several constraints were placed on how the
cameras were to be positioned to photograph the eyes. For his
experiments, Dr. Garber required that the calibration system be
mounted on a special rotating chair in the Vestibular Laboratory at
the Massachusetts Eye and Ear Infirmary.
Because the cameras were mounted on the chair, they needed
to withstand the forces caused by rotations of the chair in roll, pitch,
or yaw. The chair was used for a number of other investigations and
this required that the cameras and the mounting mechanism be
easily detachable. The mechanism to hold the cameras needed to be
designed to accommodate the quick and easy placement of subjects
in the chair. It turned out, that the entrance to the chair was in the
front where the cameras needed to be positioned. As a result, the
device that held the cameras needed to be easily moved back and
forth. To accomplish this, the device was hinged to one side of the
chair. When tests were not being run, the device would swing "open"
out of the way of the entrance to the chair. During the investigations,
the device could be "shut" and locked into place. In shutting the
device, the cameras were brought into alignment with the eyes of the
subject in the chair and were ready for use. The final design of the
mounting device and a schematic of the chair and the set up can be
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found in Appendix B. The device was machined by the author in the
aeronautical astronautical machine shop at M.I.T.
Several preliminary tests were conducted to ensure that the
placement of the cameras and their mounting device did not affect
the output of the coils. Neither the operation of the shutters, nor the
two motor drives had an effect on the coil output. An E-1 Nikon
camera with a 115mm lens and an M-2 motor drive was used to
photograph the left eye; and an OM-1 Olympus camera with a 2X
converter, a 50mm lens, and an OM-winder was used to photograph
the right eye. All photographs were taken with a shutter speed of
1/30 of a second and an f-stop of 4.0. The shutter speed was
selected as a result of the lighting conditions and to coincide with the
coil data which was being sampled at 30Hz. Pictures taken at a
faster shutter speed could not have been resolved with the coil data.
The cameras were placed 12 in from the eye and yielded an image of
the eye on the film approximately twice that of its actual size.
Lighting was provided by two 120W spot lights positioned off to each
side of the subject and aimed up into the eyes. Extachrome 100 ASA
slide film was used in each of the studies.
The simultaneous firing of the cameras and the generation of a
signal was accomplished using a simple relay. A schematic of the
circuit used is included in Appendix A. When a remote switch was
closed, a circuit was completed, and a 9 volt battery activated the
relay. Using a voltage divider, the 9 volt signal was reduced to 1 volt
and was sent as a signal marking the time at which a photograph was
22
taken. The full 9 volts activated the relay and subsequently fired
both cameras simultaneously. The time delay in firing the cameras
and the operation of the shutter was taken to be less then 1/1000 of
a seccond and was considerd negligible.
3.5 Image Measurement System
In order to line up two images of the eye, a device had to be
built that could accurately position the two slides. The device that
was constructed was similar to that used by Markham and
Diamond. 15 The only difference in the two methods was the choice of
reference. In our method, the reference consisted of two cross hairs
that where attached firmly to the chair. This was accomplished by
stretching two fine strands of hair across the shutter openings of
each camera. These hairs were nearly touching the film as it passed
in front of the shutter and cast a crisp shadow on the film. Upon
developing, the image had on it two extremely fine black lines.
These lines on the film were always fixed and were used to line up
the two images with a great deal of accuracy. This determined the
baseline position, representing the position of the image before it had
been moved or rotated. The images were projected and
superimposed on a screen, see Figure 3. One of the slides was then
positioned and rotated to determine the amount of torsion between
the two slides as shown in Figure 4.
15 Diamond SG, Markham CH, Money KE. Instability of ocular torsion in zero
gravity; possible implications for space motion sickness. Aviat. Space Environ.
Med. 1990; 61:899-905.
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Slide Positioning Device
Light Source Focusing Lens Rotating Window Fan
-Image A
Projected Image -- P
'0% Image B
Focusing Lens
Slide Projector
Potentiometer Power
Figure 3: The projection of two images on a screen. The
window fan and the potentiometer provided a means to
animate the two images.
The positioning device was used to hold an image and move it
accurately in both the x and y directions. A schematic of this device
is shown in Figure 5. The device also had an accurate means of
rotating the slide and measuring the amount of movement. For our
purposes, one image was connected to a precision bearing. The
image was sighted so that the center of the iris on the image was
located at the center of the bearing. This insured that the rotation
would be induced around the center of the iris. The bearing was
fixed to a positional device that used two micrometers to accurately
move the bearing and image in the x and y directions.
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A:
Image A (Reference)
A&E
Image B combined with image A
The crosshairs are linedup to
provide a reference.
gB
Image B, with exageratedorsion.
Image B is rotated from he reference
untill the landmarks line up on the eye
The amount of rotation isequivilent to
the amount of torsion betveen the two
images.
Figure 4: A schematic showing how the slides were
aligned. The cross hairs of the images were aligned and
then the image was rotated by the slide positioning
device until the landmarks in the eye were aligned. The
amount the slide had to be rotated represented the
amount of torsion between the two slides.
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other was free to rotate the image. Again, this rotation was
controlled by a micrometer and was extremely accurate. The steps
taken to measure torsion from the images were as follows and are
represented in Figures 3 & 4. First, two images were superimposed
on a screen. In order to magnify the image, the screen was
positioned 80 feet from the projector. This was similar to Miller's
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method, and gave us an image of the eye about 50X larger than
actual size. 16 Next, the cross hairs on the images were lined up by
moving the slide with the positioning device. The crisp lines were
easily superimposed to indicate the baseline or zero torsion. Because
the hairs did not cross at the center of rotation of the bearing, lining
these up required a combination of horizontal, vertical, and torsional
adjustments. Once the two images were aligned by the cross hairs, a
measurement was taken from the torsional micrometer. This
corresponded to zero torsion. Next, the torsional control was
adjusted. Image B was rotated around the center of the eye. It was
rotated until the landmarks in each eye coincided. The amount the
bearing was turned represented the amount of torsion one eye
underwent between the time the pictures were taken. This was read
directly off the micrometer. The device was designed and built so
that 0.02 cm of movement on the micrometer induced 0.10 of
rotation.
To assist in determining when the images were lined up, we
enhanced Markham and Diamond's technique for creating
animation. 17 Instead of waving a card back and forth in front of
each beam of light, we positioned a window fan in front of the
projectors. The fan was connected to a potentiometer in order to
give us complete control over the speed. The blades were then
positioned so that only a single image showed at any one time. This
16 Miller, E. B. II. 1962. Counterrolling of the human eyes produced by head
tilt with respect to gravity. Acta Otolaryngol 54, 479.
17 Diamond SG, Markham CH, Simpson, NE. (1979) Binocular Counterrolling in
Humans During Dynamic Rotation. Acta Otolaryngol 87: 490-498.
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setup provided vivid animation along with a nice breeze. The design
of the slide positioning device is illustrated in Figure 5 and was
also machined by the author in the aeronautical astronautical
machine shop at M.I.T.
4. Results
4.1 Coil Output
According to the theory developed by Robinson, the
relationship between torsion angle and coil output should be linear.
Also, according to Collewijn, the amplitude should change between
trials that involve deformities in the coil. 18 Both of these predictions
are accurate as can be clearly seen when the coil was calibrated
outside of the eye, see Figure 6. For the calibration, the coils were
mounted on a disk and rotated a known number degrees. The
rotation of the coils was only approximated and was accurate to
±0.5 . The plot in Figure 6 shows the relationship between degrees
of torsion and coil output. The first data set (torsion 1) resulted from
rotation of the torsional coils from -100 to +100 and then back from -
10' to +10'. A simple curve was fitted to each of the data sets to
yield a slope. The second data set (torsion 2) was collected after the
coil was shifted in the field. The coil was moved down 2cm in the
vertical direction and then rotated from 00 to +100.
18 Collewijn, H., Van der Steen, J., Ferman, L. and Jansen, T.C. (1985) Human
ocular counterroll: assessment of static and dynamic properties from
electromagnetic scleral coil recordings. Exp. Brain Research 59: 185-196.
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Figure 6: Calibration of the coil outside of the eye
showing the linearity of the relationship between
coil output and torsion and other characteristics
inherent in the coil system.
The change in the amplitude of this second set of the data is clear.
The third data set was collected after the coil had been slightly
deformed. This change in the slope, caused by a change in the shape
of the coil (much like what would be expected during placement of
the coil on the eye), justifies the need to calibrate the system while
the coils are in the eye.
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4.2 Torsional Stimulus
Because of the numerous structures in front of the subject, the
visual field was limited and the effectiveness of the stimulus was
hindered to a certain extent. A significant amount was still observed,
however, as can be seen in Figure 7. The y-axis represents coil
output in millivolts and the x-axis represents sample number. The
data was sampled at 30Hz so the x-axis can essentially be viewed as
time. The coils were placed in opposite directions on the two eyes
for all of our studies. This explains why the plot of the left and right
eye are 1800 out of phase. From the plots of torsion (the upper and
lower traces), it can be seen that the torsional stimulus was initiated
after the first 60 seconds or at around the 200th sample point.
During this minute, both traces are relatively stable with the
exception of the three spikes related to blink activity. Three blinks
can be clearly seen in the first 60 seconds and show the associated
multiphasic torsional eye movement that is transient and causes no
not torsional displacement of the eye (or the coil). 19 However much
less clear, other blinks can be made out over the remainder of the
seven minutes. During the first 60 seconds of unstimulated gaze, the
19 Collewijn H, Van der Steen J, Heinman RM (1985) Human eye movements
associated with blinks and prolonged eye-lid closure. J. Neurophysiol (in
press).
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Figure 7: Data collection from a typical test run. The
torsion in the left eye is represented by the upper line
where as torsion in the right eye is represented by the
lower line. The three spikes represent when the
cameras were fired.
torsional eye-in-head position wondered and changed spontaneously
over an estimated angle of 1 to 2 degrees. At the 60 second mark
and the initiation of the stimulus, torsional saccades and torsional
nystagmus can clearly be seen in both eyes. The middle trace and
the three spikes represent the firing of the cameras. The initial rise
in the spike corresponds to the time the picture was taken, with the
square top corresponding to a sluggish trigger finger operating the
switch (See Appendix B).
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Figure 7 and many other pieces of data like it indicate that the
coils do not slip. Any significant slippage would be likely to show up
in the recordings as deformations, discontinuities, and irregular
changes in the zero position. In our case, where we use binocular
recordings, such changes would probably be uncorrelated for the two
eyes. It is highly unlikely that both coils would shift on the eye the
same amount; hence, if one of the coils slipped, the output for that
eye would be noticeably disconjugated. From the data, it can be seen
that the shifts in zero are conjugated. The first three blinks illustrate
the high degree of conjugacy of the coil output. This supports that
the eyes in fact have shifted, not the coils.
Further arguments against any coil slippage were hoped to be
obtained by using the photographic images. When the images of the
eyes were acurately supperimposed, it could be determined if the
coils were also aligned. Any misalignment of the coils would
represent that they shifted relative to the eye. Any movement of
the coils with respect to the eye would have been easily detected by
using the images.
4.3 Photography
The photographs obtained were acceptable. On occasion, we
had trouble focusing the eye, and for some of the test runs, the
pictures were slightly out of focus. Because of the depth of the eye
and the F-stop we used, parts of the eye were in focus and other
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parts were not. For future studies, it would be advisable to use
better lighting and try to use a higher F-stop. This will make it
easier to get the entire eye in focus. The lights we used reflected off
the surface of the eye and were seen on the images but did not
signifigantly interfere or mask the landmarks on the iris. Another
recomendation would be to use a flash of light imediately prior to the
picture in order to restrict the pupil and expose more of the iris.
Because the visible landmarks of the eye are on the iris, doing this
would help when it came time to try and superimpose the images.
The signal from the trigger mechanism can be easily seen in Figure 7.
From the raw data, it could be easily determined what the coil ouput
was at the precise time the cameras were fired.
4.4 Measurement System
The slide positioning device shown in Figure 5 was able to
position the slide with an accuracy of ±5 microns in both the
horizontal and vertical directions. For measuring torsion, the device
had an accuracy of ±0.10. The problem with the device was that
there was a large amount of backlash in each of the positioning
mechanisms. By moving the device in only one direction, the
position of the slide could be determined to the accuracy of the
micrometer; however, when the slide was moved back and forth, the
amount of play and the backlash in the system reduced the accuracy
of the device to ±20 microns. Because only torsion needed to be
measured, knowing the accurate position of the slide in the X and Y
direction was not important. It was only important to be able to
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align the slide so that the projected image superimposed the
reference image. The device was able to do this sufficiently, and,
once the eyes were lined up, the device provided an accurate means
to measure the rotation of the slide. Even though the device was
accurate and did what it was supposed to do, we still encountered
problems.
One of these problems was mounting the slide to the
positioning device. Two cross hairs on the bearing indicated the
center of rotation of the device. The difficulty arose in mounting the
slide so that the center of the eye was at the center of the rotation.
The slides were aligned visually. In doing this, the center of the eye
was often times not the center of rotation. When this happened and
the slide was rotated, the image of the eye was translated in addition
to being rotated. This translation, however minimal, required that
the X and Y position be changed to again line up the eye. Having to
do this made it close to impossible to perfectly align the images. The
fine adjustment in rotation required additional fine adjustments in
the other directions. Because of the backlash and inherent flaws in
the device, superimposing the images was extremely difficult. In
order to correct this problem, the mechanism that held the slide
would had to have been altered. The slide needed to be positioned,
to within a micron, at the center of the rotation of the bearing. Doing
this would have ensured that the slide was rotated around the center
of the eye. If this were the case, only torsion would have needed to
be changed to line up the images.
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The play and backlash inherent in the device created an even
greater problem when the image was used with the slide projector.
The two projectors both had fans. These fans caused the positioning
device to vibrate and consequently vibrated the image. This again
limited how accurately the images could be superimposed. This
problem was compounded as a result of the lenses we used to
magnify the image. Each lens was different; and as a result, the sizes
of the images were different. In order to get the images the same
size the projectors had to be at slightly different distances from the
screen. To perfectly superimpose the images, this distance had to be
adjusted. We had nothing that could accurately do this so we had to
tap the device until the image was the right size.
The next problem was focusing the image. This was made even
more difficult because focussing the image altered its size. Every
time the focus was changed, the distance needed to be changed. Like
with the projector, we didn't have anything that could accurately
move the lens. So we also had to tap the lens back and forth to get
the image in focus. All these problems resulted in our inability to
superimpose the images. Because we couldn't get the images to
accurately line up, we were unable to accurately measure torsion.
The measurements we did take were accurate and repeatable to only
+5.00. Because the measurements were so poor, the coils could not
be calibrated to the degree of accuracy needed.
It became apparent to us that the photographic technique has
evolved into an elaborate and sophisticated method. Markham et al.
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has measured torsion by a method very similar to the one used in
this investigation and reported torsional measurements with an
accuracy of 0.10.20 Some of the reasons as to why we could not
obtain measurements with this same accuracy are mentioned above.
In order to uncover all the problems in our method, a detailed
analysis would have to be made of Markham's method. It is
apparent, however, that many of the problems we encountered could
have been easily overcome by using more accurate equipment or by
investing the time and money into a system like the one specified by
Markham, referenced previously.
In fumbling around with this technique, however, we
discovered an interesting twist. In our attempt to obtain the
accuracy reported by others, it was recommended by Laurence
Young, the supervisor of this thesis, that we might want to use a
negative to produce one of the images. In doing this, it was found
that when the negative image was superimposed on the positive
image, the overall color of the image turned grey. We felt that it was
much easier to detect when two features were aligned by this
method then by using the two positive images. We feel that using a
negative image could possible increase the accuracy of the
measurements obtained by a photographic technique. For future
studies, however, the benefit in using a negative image will have to
be weighed against the added cost inherent in making a negative out
of a slide.
20 Diamond SG, Markham CH, Simpson, NE. (1979) Binocular Counterrolling in
Humans During Dynamic Rotation. Acta Otolaryngol 87: 490-498.
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5. Conclusion
There is an overwhelming amount of evidence indicating that
in order to obtain precise positional torsional measurements from the
coil system, calibration must occur when the contact is in the eye.
Many researchers have shown that the overall performance of the
ocular torsional measurement systems is exceptional. Collewijn, for
instance, found that for cyclorotation, deviation of the torsion signal
from linearity and symmetry was less then 1% for angles up to
200.21 Such instrumentation is faster and more accurate then the
biological motor system and is ideal for physiological studies
involving eye movements. These figures, however, represent the
efficiency of the coil system itself and not its relationship between
actual degrees of torsion. It is clear from Figure 6 that the
relationship between coil output and torsion varies from application
to application. Collewijn and other researchers have clearly shown
that the system measures torsion extremely accurately; but in order
to effectively know the position of the eye, another step must be
taken to relate the accurately obtained position of the eye to actual
degrees of torsion.
This step was to be accomplished by using photographic
techniques. With the present methods of torsional measurement,
21 Collewijn, H., Van der Steen, J., Ferman, L. and Jansen, T.C. (1985) Human
ocular counterroll: assessment of static and dynamic properties from
electromagnetic scleral coil recordings. Exp. Brain Research 59: 185-196.
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photography was the only option available capable of correlating the
two pieces of data. As discussed, the results of our photographic
measuring technique were not accurate enough. This represents a
failure on our part to reproduce the accuracy of the photographic
method already documented. 22 Analyzing our images with the
equipment and in a manner described by either Miller or Markham
would yield data sufficient to calibrate the coil data collected in our
study.
By calibrating the coil data, a powerful method is created for
accurately measuring torsional eye movements in a wide range of
applications. The benefits of such a system are outlined as follows.
The system provides sufficient resolution, linearity, and dynamic
range (in time and space); it has a flexible sensitivity level for
different applications; it is stable; there is no interference with
normal vision; it is relatively insensitive to translational head
movements; it can incorporate the simultaneous measurement of
horizontal and vertical movements; it is insensitive to illumination
conditions (after calibration), closure of the eye lids, and other
electrical interference; and, lastly, it is easily and non-traumatically
applicable to subjects.
The drawbacks of this method include the complexity of the
setup, the cost, and the sometimes difficult scleral coils. However,
until an image recognition system can be used effectively, a
22 Diamond SG, Markham CH, Simpson, NE. (1979) Binocular Counterrolling in
Humans During Dynamic Rotation. Acta Otolaryngol 87: 490-498.
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calibrated scleral coil system, will remain a technique for measuring
torsion unsurpassed in quality and flexibility. The method of
calibrating the coil data by means of photographic images is sound.
One of the many ways it can be implemented has been described and
tested through this research.
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Cameras
Appendix C
Technical Drawings of The Camera Mount Mechanism.
Refer to Appendix B for Its Location with Respect tothe Chair.
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